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FOREWORD 


a.  The  objective  of  this  contract  -was  a  study  and  investigation  to 
determine  the  feasibility  of  developing  a  photoelectric  detector  for  use  in  the  milli¬ 
meter  and  submillimeter  wave  region.  The  study  was  to  include:  magnetically 
induced  energy  gaps  in  semiconductors,  frequency  response,  sensitivity  and 
response  time.  The  end  items  were  to  be  a  final  report,  and  an  experimental 
model  of  a  photoelectric  millimeter  wave  detector  in  accordance  with  the  techniques 
developed  under  the  study. 

b.  The  approach  taken  by  the  Contractor  to  fulfill  the  requirements  was 
scientifically  sound.  The  feasibility  of  using  photoconductive  indium  antimonide 

in  a  magnetic  field  and  at  temperatures  of  1°  to  2°  K  as  a  detector  has  been 
reported  by  E.  H.  Putley,  in  the  Proc.  Phys.  Soc.  (London)  76,  802  (I960). 

(1)  The  operation  of  this  type  of  detector  is  dependent  upon  the  ability 
of  incoming  electromagnetic  radiation  to  excite  into  conduction,  bound  electrons 
within  a  semiconducting  material  (i.  e.  ,  the  photoconductive  effect).  This  is 
accomplished  if  the  photon  energy  In?  is  equal  to,  or  greater  than,  the  ionization 
energy,  Ae  of  an  impurity  atom  within  the  semiconductor.  This  photoconductivity 
has  been  useful  for  the  detection  of  infrared  radiation  using  a  material  such  as 
germanium.  At  millimeter  wavelengths,  however,  the  ionization  energy  must  be 
extremely  small,  of  the  order  of  1/10  that  which  can  be  obtained  with  impurities 
in  germanium. 

(2)  Calculations  have  shown  that  donor  atoms  in  the  semiconductor 
indium  antimonide  would  have  the  necessary  small  ionization  energy.  Low  tempera 
tures,  of  the  order  of  4°K  or  less,  are  necessary  in  order  to  overcome  electron 
excitation  due  to  thermal  energy.  Impurity  band  conduction  tends  to  overshadow 
photoconductivity  effects.  The  application  of  a  magnetic  field  causes  a  narrowing 
of  this  impurity  band  and  also  a  splitting  of  the  impurity  levels  away  from  the  con¬ 
duction  band. 

(3)  Hall  effect  and  resistivity  measurements  were  conducted  on  several 
samples.  Theoretical  analysis,  and  analytic  assumptions  were  made  in  an  effort 
to  extrapolate  from  these  measurements  such  meaningful  data  as  Hall  coefficient, 
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impurity  concentration  and  mobility.  Measurements  were  rpade  versus  tempera¬ 
ture  at  various  magnetic  field  intensities .  Photoconductive  response  was  also 
measured.  Signal-to -noise  ratio  versus  bias  as  a  function  of  different  magnetic 
field  intensities  were  plotte4  and  sensitivity  (detectivity)  of  the  detector  was 
calculated.  Interesting  to  note  was  the  effect,  at  higher  bias  currents,  of  the 
decrease  in  sensitivity  by  the  application  of  the  increased  magnetic  field.  This 
is  directly  in  contrast  to  that  reported  by  Putley.  However,  Putley's  work  was 
centered  around  the  submillimeter  range,  and  the  measurements  taken  by  Raytheon 
were  at  the  longer  (millimeter)  wavelengths.  It  is  expected  that  the  results  at 
Raytheon  would  be  the  same  as  Putley’s  at  the  submillimeter  wavelengths. 

c.  The  results  of  this  contract  have  shown  that  a  photocopductive  detector 

can  be  fabricated,  for  millimeter  wavelengths,  that  is  comparable  in  sensitivity, 

and  faster  in  response  time,  than  can  be  incurred  in  present  devices  such  as 

bolometers  and  other  heat  sensitive  cells.  The  equivalent  noise  power,  for  a 
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1  CPS  bandwidth,  of  the  device  delivered  is  about  5x10  watts  at  4  millimeters 
wavelength.  The  results  do  indicate  that  further  study  is  required,  particularly 
to  determine  the  effects  of  high  magnetic  field  intensities  with  the  higher  biasing 
levels  at  the  longer  wavelengths. 

d.  The  photoelectric  detector  developed  on  this  contract  has  a  particular 
application  to  the  Air  Force  need  for  transmission  line  components  to  be  used  in 
future  systems  at  these  frequencies.  The  particular  detector  developed  on  this 
contract  may  also  serve  to  aid  in  the  evaluation  of  other  types  of  components  in 
the  frequency  range. 


JOSEPH  J.  LO  MASCOLO 

Project  Engineer 

RADC  ,  Griffiss  AFB,  Y. 
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PHOTOELECTRIC  MILLIMETER  WAVE  DETECTOR 


ABSTRACT 


The  purpose  of  this  program  is  a  study  and  investigation  of  a  photo- 
conductive  type  of  detector  sensitive  to  radiation  in  the  millimeter  and  sub¬ 
millimeter  wave  regions  of  the  electromagnetic  spectrum.  The  detector 
utilizes  a  magnetically -induced  energy  gap  in  indium  antimonide  and  operates 
at  temperatures  of  4^K,  or  below.  Although  the  main  emphasis  of  the  work 
directed  toward  the  development  of  a  practical  operating  device, 
some  fundamental  studies  of  the  properties  of  indium,  antimonide  at  low  tempera- 
tures  and  in  a.  large  magnetic  field  hav.p  also  been  carried  out/  A  detector 
has  been  developed  having  the  following  properties: 


a.  A  sensitive  element  mounted  in  an  all  metal  double  Dewar-type 
housing  for  convenient  cooling  with  liquid  helium, 

b.  An  integral  superconducting  solenoid  to  provide  the  necessary 
magnetic  field, 

c.  Fast  response  time,  and 

d.  High  sensitivity  to  radiation  in  the  wavelength  range  from  below 
0.  1  mm  to  at  least  8  mm.  Typical  detectivity  at  4  mm  is  D* 

(4  mm,  1000,  1)  =  1  x  10**  cm  cps^^/watt.  This  corresponds 

to  a  minimum  detectable  energy  (i.  e.  ,  noise  equivalent  power 
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for  1  cps  bandwidth)  of  5  x  10  watts. 
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PHOTOELECTRIC  MILLIMETER  WAVE  DETECTOR 


1.  0  INTRODUCTION 

Photoconductive  detectors  of  electromagnetic  radiation  utilizing  various 
semiconducting  materials  have  proven  their  usefulness  in  the  visible  and  infrared 
regions  of  the  spectrum,  and  are  finding  numerous  applications  in  various  systems 
for  both  industrial  and  military  purposes.  They  generally  respond  to  a  broad  band 
of  radiation  wavelengths,  are  extremely  sensitive,  have  fast  response  times,  and 
are  relatively  easy  to  operate.  Such  detectors  would  be  useful  if  they  could  also 
be  made  to  operate  in  the  millimeter  and  submillimeter  wave  region.  Up  until 
fairly  recently,  the  only  detector  for  this  wavelength  region  was  the  thermal  type 
of  detector  such  as  the  bolometer,  thermocouple  or  pneumatic  cell.  While  these 
detectors  are  also  broadband  detectors,  they  are  relatively  slow  in  response  and 
somewhat  limited  in  sensitivity.  A  photoconductive  type  of  detector  for  this  wave¬ 
length  region,  therefore,  has  advantages  which  could  lead  to  many  new  applications 
in  military,  research  and  industrial  technologies. 

The  operation  of  the  photoconductive  type  of  detector  depends  on  the 
existence  of  bound  electrons  (non-conducting)  in  a  host  material  which  can  be 
excited  into  the  free  state  (conducting)  by  supplying  them  with  a  certain  amount  of 
energy,  Ae,  through  absorption  of  a  quantum  of  electromagnetic  radiation  of  fre¬ 
quency,-^,  such  that  h^  >  Ae,  where  h  is  Planck's  constant.  This  is  illustrated  in 
Figure  1. 

/ / Conduction  Band 
Donor  Atoms 


//////////  /  Valence  Band 


Figure  1  Ionization  of  Donor  Impurity  in  a  Semiconductor  by  a  Quantum  of  Radia¬ 
tion.  An  electron  is  transferred  from  a  bound  state  on  the  donor  atom 
to  a  free  state  in  the  conduction  band,  thereby  producing  an  increase  in 
the  conductivity. 
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For  radiation  with  a  frequency  at  300  kMc  (1  millimeter  wavelength),  the  energy 

.3 

gap  required  is  1.  2  x  10  eV,  Because  of  such  a  small  energy  gap  between  the 
bound  and  free  electron  states,  it  is  essential  that  this  type  of  detector  be  cooled 
to  very  low  temperatures,  otherwise  the  thermal  energy  of  the  host  crystal  lattice 
would  excite  the  electrons  into  the  free  state  and  no  photoconductivity  would  be 
observed.  Since  the  thermal  energy  of  the  crystal  is  of  the  order  of  kT,  where  k 
is  the  Boltzmann  constant  and  T  the  absolute  temperature,  the  amount  of  cooling 
necessary  is  dictated  by  the  requirement  that  kT  «  Ae.  Thus,  with  the  energy 
gaps  under  consideration  here,  it  is  clear  that  temperatures  of  just  a  few  degrees 
absolute  are  required. 

Photoconductive  detectors  have  been  made  utilizing  germanium  crystals 
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containing  impurity  atoms  such  as  antimony  and  indium  to  provide  bound  states 
from  which  electrons  can  be  excited  to  the  free  state.  However,  the  impurity 
ionization  energy  in  this  material  is  about  .  01  eV;  thus,  photoconductivity  is 
observed  only  out  to  wavelengths  of  about  120  microns  (.  12  millimeters)  in  the 
infrared  region.  As  noted  above,  an  energy  gap  one -tenth  of  this  value  is  required 
to  extend  the  photoconductive  response  out  to  the  millimeter  region. 

Calculations  have  shown  that  n-type  InSb  containing  donor  impurities 

such  as  selenium  and  tellurium  would  have  an  ionization  energy  gap  of  about 
-4 

7  x  10  eY,  and  thus  should  exhibit  photoconductivity  out  to  1800  microns  (1.8 
millimeters).  However,  on  cooling  such  material  to  very  low  temperatures,  no 

3 

"freeze  out"  of  free  electrons  into  the  bound  states  is  observed  ;  hence,  no  photo¬ 
conductivity  is  found.  This  effect  is  due  to  the  interaction  of  neighboring  impurity 
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atoms  with  each  other  producing  what  is  called  an  impurity  band.  Motion  of  an 
electron  within  an  impurity  band  is  similar  to  the  motion  of  a  free  electron  in  the 
conduction  band  except  for  differences  in  mobility  between  the  two  bands.  In  the 
case  of  n-type  indium -antimonide ,  the  impurity  band  apparently  overlaps  the  con¬ 
duction  band  so  that  no  impurity  ionization  energy  exists. 
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It  has  been  shown  that  the  application  of  a  magnetic  field  causes  a 

shrinking  of  the  impurity  atom  wave  functions,  thereby  reducing  the  interaction 

7 

between  neighboring  impurity  atoms.  In  addition  to  causing  a  narrowing  of  the 
impurity  band,  the  magnetic  field  can  also  cause  the  impurity  band  to  split  off 
from  the  conduction  band,  thereby  producing  a  magnetically-induced  energy  gap. 


This  effect  is  illustrated  schematically  in  Figure  2.  The  diagram  in 


Conduction. 
Band  — 


/////////// 


Impurity  Band^ 


///////////  I 

A? 

mwwwv  ~t 


No  magnetic  field 
present.  Impurity 
band  overlaps  con¬ 
duction  band. 


Small  magnetic 
field.  Impurity 
band  beginning  to 
split  away  from 
conduction  band. 


FIGURE  '2 


(c) 

Large  magnetic  field. 
Impurity  band  has  split 
away  from  conduction 
band  and  narrowed;  A 
definite  activation 
energy  now  exists. 


Figure  2(a)  represents  the  situation  where,  in  the  absence  of  a  magnetic  field,  the 
impurity  band  overlaps  the  conduction  band.  In  Figure  2(b),  the  application  of  a 
moderate  magnetic  field  causes  the  impurity  band  to  begin  to  split  away  from  the 
conduction  band,  and,  in  Figure  2(c),  a  larger  magnetic  field  has  produced  a 
definite  splitting  with  an  energy  gap,  Ae. 
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As  previously  indicated,  the  magnetically-induced  energy  gap  is  brought 
about  by  a  combination  of  two  effects.  The  primary  effect  is  a  shift  of  the  impurity 
energy  levels  with  respect  to  the  edge  of  the  conduction  band.  As  shown  in 
Figure  2,  the  magnetic  field  causes  the  conduction  band  edge  to  move  toward  higher 
energies  by  an  amount  1/2  hldc  where  U>c  is  the  cyclotron  frequency,  defined  by 


u 


c 


eH 

m*c 


(1) 


with  e  the  electronic  charge,  H  the  magnetic  field  strength,  m*  the  effective  mass 
of  an  electron  and  c  the  speed  of  light.  The  impurity  energy  levels  also  shift  to 
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higher  energies  with  application  of  a  magnetic  field;  however,  they  shift  by  a 
lesser  degree  than  does  the  conduction  band  edge,  thereby  producing  an  increased 
separation  between  these  levels  and  the  edge  of  the  conduction  band  (i.  e.  ,  an 
increased  ionization  energy). 

The  secondary  effect  of  the  magnetic  field  is  to  cause  a  narrowing  of  the 
impurity  band.  Since  there  is,  at  present,  no  theoretical  analysis  of  this  effect, 
its  importance  in  the  production  of  a  magnetically-induced  energy  gap  is  unknown. 
However,  since  the  width  of  the  impurity  band  will  depend  critically  on  the  con¬ 
centration  of  impurity  atoms  in  the  indium  antimonide ,  it  may  be  possible  to  obtain 
experimental  indications  of  the  importance  of  this  effect  by  studying  samples  with 
different  impurity  concentrations. 

Recently,  Putley*0  has  made  use  of  the  magnetically-induced  energy 
gap  to  construct  a  photoconductive  detector  for  the  submillimeter  and  millimeter 
wave  region.  This  detector  had  a  peak  sensitivity  at  about  4.  5  mm  (comparable 
to  the  best  thermal  detectors),  an  extremely  fast  response  time  (less  than  a 
microsecond),  and  wavelength  response  extending  at  least  to  eight  millimeters. 

Putley^  has  made  a  rather  cursory  study  of  the  phenomena  by  measuring 
the  Hall  effect  and  resistivity  verus  temperature,  current  versus  electric  field 
strength,  photo -re sponse  versus  current  and  photo -response  versus  wavelength, 
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all  of  these  measurements  also  being  performed  at  various  magnetic  field  intensities 
up  to  about  800  gauss,  His  best  detectors  apparently  come  from  very  closely 
compensated  material;  however,  no  data  on  the  effects  of  varying  impurity 
densities  have  been  reported. 

An  interesting  feature  of  Putley's  work  which  holds  some  possibilities 

for  future  developments  is  the  observation  of  photoconductive  response  in  InSb  in 

the  millimeter  range,  even  in  the  absence  of  a  magnetic  field.  This  effect  is 

attributed  to  absorption  of  the  radiation  by  free  carriers.  *  *  In  absorbing  energy 

from  the  radiation,  the  free  carriers  are  excited  to  higher  .energy  states  in  the 

conduction  band.  Now,  at  very  low  temperatures  where  the  free  carrier  mobility 

is  determined  mainly  by  impurity  scattering,  a  higher  energy  state  in  the  con- 

12 

duction  band  corresponds  to  a  state  of  higher  mobility.  Thus,  one  observes  an 
increase  in  conductivity  on  illumination  of  the  material  due  to  an  increase  in 
mobility  (i.  e.  ,  Acr  =  neAu)  in  contrast  to  the  usual  photoconductive  effect  where 
one  observes  an  increase  in  conductivity  on  illumination  due  to  an  increase  in  the 
number  of  free  charge  carriers,  the  mobility  remaining  constant  (i.  e.  ,  Act  =  Aneu)* 
Provided  the  time  of  relaxation  from  the  high  energy  state  back  to  the  equilibrium 
energy  state  is  not  too  short,  the  exploitation  of  this  effect  could  possibly  lead  to 
a  useful  detector  of  millimeter  waves  which  would  not  require  a  magnetic  field. 
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2.  0  THE  DETECTOR  MATERIAL 


2.  1  Hall  Effect' Analysis 

Intensive  studies  by  means  of  Hall  effect  and  resistivity  measurements 

were  carried  out  on  three  samples  of  indium  antimonide.  The  measurements  were 

made  in  the  liquid  helium  dewar,  shown  in  Figure  3,  using  conventional  de  tech- 
13 

niques.  The  samples  were  rectangular  bars  measuring  approximately  1x2x8 
millimeters  which  weye  prepared  by  lapping  the  surfaces  in  600  mesh  alundum 
powder  and  then  cleaning  in  acetone,  Broad  area  current  contacts  were  made  to 
the  opposite  1x2  faces  of  the  bars  by  coating  with  pure  indium  solder.  By  using 
clean  indium  and  freshly  prepared  indium -antimonide  samples,  it  was  found  that 
a  good  bond  could  be  obtained  without  the  use  of  a  soldering  flux.  Small  area 
electrical  contacts  for  measurement  of  Hall  and  resistivity  voltages  were  made 
along  the  1x8  faces  of  the  bars,  as  shown  in  Figure  4,  and  were  also  made  with 
indium  solder.  The  EMF's  were  measured  with  a  high  impedance  voltmeter 


Figure  4  :  Configuration  of  Indium  Antimonide 
Bars  for  Hall  Effect  and  Resistivity  Measurements. 


(Hewlett  -  Packard  Model  412A),  and  temperatures  in  the  liquid  helium  range 
were  measured  with  a  carbon  resistance  thermometer. 
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Figure  3.  HALL  EFFECT  DEWAR  MOUNTED  IN  ELECTROMAGNET 
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The  Hall  coefficient  is  defined  by  the  equation, 


14 


t 

H 


10c 


/coulomb), 


(2) 


where  VH  is  the  measured  Hall  voltage,  I  is  the  current  through  the  sample,  t  is 

**  g 

the  sample  thickness,  and  H  is  the  magnetic  field  strength.  The  factor  10  is  a 
conversion  factor  for  converting  laboratory  units  (i.  e..  ,  volts,  amperes,  gauss, 
centimeters)  into  the  appropriate  units  for  the  Hall  coefficient,  indicated  in 
Equation  (2). 


At  room  temperature,  indium  antimonide  shows  intrinsic  behavior; 
therefore,  Hall  effect  measurements  at  this  temperature  tell  nothing  about  the 
concentrations  of  impurities  in  the  material.  At  liquid  nitrogen  temperature  (i,  e,  , 
approximately  77°K),  intrinsic  charge  carriers  are  unimportant  and,  thei  ^fore, 
the  concentration  of  free  charge  is  determined  by  the  relative  concentrations  of 
donor  and  acceptor  impurities.  In  this  case,  the  net  concentration  of  free  charge 
carriers,  n,  is  related  to  the  Hall  coefficient  by 


R 


H 


X _ 

ne 


(3) 


& 

with  y  =  p^/p,  and  where  Jl  is  the  electronic  charge  (in  coulombs);  y  is  the  Hall 
coefficient  factor,  and  p  and  p^.  are,  respectively,  the  conductivity  mobility  and 
the  Hall  mobility.  The  Hall  coefficient  factor,  7, is  some  number,  close  to  unity, 
the  precise  value  of  which  depends  on  the  detailed  scattering  mechanisms  which 
control  the  mobility  and  the  energy  distribution  of  the  free  charge  carriers.  Since 
this  is  not  known  in  our  case,  we  will  simply  assume  that  y  is  unity  in  order  to 
obtain  an  approximate  analysis  of  the  experimental  data. 


Py  combining  measured  values  of  Hall  coefficient  and  resistivity,  one 
obtains  the  Hall  mobility,  p^j,  from 


^H 


(4) 
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where  p  is  the  resistivity. 


Having  determined  the  net  free  charge  carrier  concentration  from  the 
measured  Hall  coefficient  using  Equation  (3),  we  then  make  the  additional  assump¬ 
tion  that  each  donor  (acceptor)  atom  contributes  only  one  electron  (hole)  and,  if 
all  iryipurity  atoms  are  ionized  at  liquid  nitrogen  temperature,  then  the  net  free 
charge  concentration  is 


n  =  Nd  -  Na  (no.  / cm\ 

where  N^  represents  the  concentration  of  donor  atoms  and  N^  the  concentration 
of  acceptor  atoms.  Here  we  have  assumed  that  N^  >  since  this  is  the  case  of 
interest  when  dealing  with  n-type  semiconductors. 

Table  I  gives  the  essential  characteristics  of  the  three  samples  of  indium 
antimonide  which  were  determined  from  measurements  at  liquid  nitrogen  tempera¬ 
ture. 

TABLE  I 


Sample 

No. 

Hall  Coefficient 
(cm^/ coulomb) 

Net  Impurity  Con¬ 
centration,  Np-N. 
(No/ cm3)  U 

Hall  Mobility 
PH(cm2/volt  sec) 

Resistivity 
p  (ohm -cm) 

IS- 19 

7.  4  x  104 

13 

8.  5  x  10 

2. 2  x  105 

.  33 

A 

2.  0  x  105 

13 

3.  1  x  10 

3. 2  x  105 

.  63 

D 

3.  6  x  105 

13 

1.  8  x  10 

1.  0  x  105 

3.  7 

Data  obtained  from  Hall  effect  measurements  in  the  liquid  helium 
temperature  range  are  shown  for  two  of  the  three  samples  (Nos.  A  and  D)  in 
Figures  5through  10.  Consider,  for  the  moment,  the  curves  of  Hall  coefficient 
versus  reciprocal  temperature,  Figures  5  and  8.  These  data  can  be  interpreted 
in  the  following  qualitative  fashion.  At  low  magnetic  field  intensity,  the  curves 


-  9  - 


HALL/COEFFICIENT,  RH  (cm3/cOULONS) 


0  100  200  300  100  500  600 

1 000/ T  (K-;) 


FIGURE  5  HALL  COEFFICIENT  vs>.  RECIPROCAL  TEMPERATURE 
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FIGURE  6  RESISTIVITY  vs.  RECIPROCAL  TEMPERATURE 
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FIGURE  7  HALL  MOBILITY  vs.  TEMPERATURE 
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FIGURE  9  RESISTIVITY  vs.  RECIPROCAL  TEMPERATURE 


FIGURE  10  HALL  MOBILITY  vs.  TEMPERATURE 

,  SAMPLE  D 


show  little  variation  with  temperature*  because  no  "freeze  out"  of  free  electrons 
onto  the  donor  atoms  takes  place  due  to  the  fact  that  the  impurity  band  overlaps 
the  conduction  band.  As  the  magnetic  field  intensity  is  increased,  the  curves 
begin  to  fake  on  a  finite  slope  which  is  indicative  of  electron  "freeze  out"  and  the 
appearance  of  a  magnetically  induced  energy  gap. 

A  quantitative  analysis  of  the  data  can  be  achieved  by  adopting  a  model 
of  the  conduction  and  impprity  bands  which  involves  the  following  assumptions. 

a)  With  a  sufficiently  large  magnetic  field  intensity,  all  of  the  con¬ 
duction  band  electrons  are  constrained  to  the  lowest  Landau  level.  This  condition 
will  be  satisfied,  provided  that  the  energy  separation  between  Landau  levels,  huc> 
is  much  greater  than  the  lattice  energy,  kT,  that  is 


hu  »  kT 
c 


(5) 


whe  re 


eH 

m*c 


'(6) 


the  quantity,  Wc,is  called  the  cyclotron  resonance  frequency,  e  is  the  electronic 
charge,  H  is  the  magnetic  field  intensity, m*  is  the  effective  mass  of  a  conduction 
electron  and  c  is  the  velocity  of  light.  By  putting  in  numbers,  ##  it  can  readily 
be  seen  that  this  condition  is  easily  satisfied  at  temperatures  below  4°K  for 
magnetic  field  intensities  greater  than  about  1000  gauss. 


b)  The  second  assumption  which  we  will  make  is  that  the  separation 
between  the  Fermi  level  and  the  bottom  of  the  conduction  band  is  also  much  greater 
than  kT.  It  will  be  seen  later  that  this  assumption  is  not  so  well  justified  as  our 
first  assumption;  however,  in  order  to  keep  the  analysis  tractable,  we  will  utilize 
it. 


*  The  slight  variation  with  temperature  which  does  occur  is  probably  due  to  the 
Hall  coefficient  factor,  7, which  we  are  neglecting. 

**  Electrostatic  units  are  being  used  here  and  the  electron's  effective  mass  is 
taken  as  .013  times  the  free  electron  mass. 
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c)  The  third  assumption  we  make  is  that  conduction  is  significant  only- 
in  one  band,  namely  the  conduction  band;  conduction  in  the  impurity  band  is 
neglected. 

Using  these  three  assumptions,  a  statistical  analysis  of  the  distribution 
of  electrons  between  bound  states  on  donor  atoms  and  free  states  in  the  conduction 
band  yields  the  result, 


<Na  +  n)  n 

nd  '  na  -  n 


=  (2ir  m*  kT) 


1/2  eH 


h2c 


exp  ( 


-Ae 

kT 


,6I 


where  n  is  the  concentration  of  free  electrons  at  some  temperature,  T,  and  the 
quantity  Ae  is  the  magnetically  induced  energy  gap.  The  meaning  of  the  other 
symbols  is  as  previously  described.  For  the  case  where  n  is  much  less  than 
either  or  (N^  -  N^),  Equation  (6)  can  be  written 

(  ND  "  NA)  _  mll/2  eH  ,  -Ae  , 

n  ^ - '  (2irm*kT)  - jr -  exp  ( — (7) 

A  he 


From  this  expression,  we  see  that  a  plot  of  log  n  versus  l/T  should  have  a  straight 
line  slope  equal  to  (-Ae/k).  Since  the  Hall  coefficient  is  inversely  proportional  to 
n,  a  plot  of  log  versus  l/T  should  have  a  slope  of  (+  Ae/k).  Inspection  of  the 
experimental  data  show  that  a  straight  line  slope  does  indeed  appear,  at  least 
over  part  of  the  temperature  range  investigated.  Furthermore,  the  slope 
increases  with  increasing  magnetic  field  intensity,  indicating  an  increasing  energy 
gaP- 
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In  addition  to  yielding  the  magnitude  of  the  magnetically-induced  energy 
gap,  the  low  temperature  Hall  data  can  also  be  used  in  conjunction  with  Equations 
(6)  or  (7)  to  obtain  a  value  for  the  acceptor  impurity  concentration,  N^.  Since 
the  quantity  {N^  -  N^)  is  already  known  from  measurements  at  liquid  nitrogen 
teqiperature,  and  the  values  of  n  and  Ae  at  a  given  temperature  and  magnetic 
field  intensity  can  be  obtained  from  the  data  of  Figures  5  and  8,  the  only  unknown 
in  these  equations  is  and  thus  we  can  solve  for  this  quantity.  For  the  case 
where  n  is  not  much  less  than  -  N^,  better  results  are  obtained  by  using 
Equation  (6)  rather  than  (7).  On  carrying  out  the  calculations  for  the  two  samples, 
A  and  D,  the  results  shown  in  Table  II  were  obtained. 


TABLE  II 


Perhaps  the  most  interesting  result  obtained  from  this  analysis  is  that 

the  actual  donor  and  acceptor  atom  concentrations  in  the  crystal  are  about 
15  3 

10  per  cm  and,  because  of  the  very  close  balance  between  the  two  concentra¬ 
tions,  the  net  impurity  concentration,  (N_^-N.),  is  very  much  smaller,  being 
13  3  da 

about  2  to  3  x  10  per  cm  for  the  two  samples.  Thus,  we  conclude  that  these 

samples  are  not  nearly  as  pure  as  one  might  be  led  to  think  from  the  liquid 

nitrogen  temperature  Hall  data  alone  (i.  e.  ,  Table  I),  Further  support  for  this 

conclusion  is  obtained  from  the  mobility  values  at  liquid. nitrogen  temperature. 

5  2 

These  are  seen  to  be  3.  2  and  1.  0x10  cm  /volt  sec.  For  very  pure  indium  . 

antimonide,  the  electron  mobility  at  this  temperature  should  be  greater  than 
5  2' 

5  x  10  cm  /volt  sec,  thus  the  lower  mobility  values  for  our  samples  are 
compatible  with,  a  relatively  high  impurity  content. 

Further  interesting  properties  of  these  samples  may  be  deduced  from 
the  liquid  helium  temperature  mobility  measurements;  however,  before  going  into 
this,  we  want  to  point  out  that  the  values  ofN^  and  N.  obtained  from  analysis  of 
the  one -band  conduction  model  must  be  considered  only  as  rough  approximations 
because  of  the  assumptions  which  were  necessarily. made.  In  particular,  assump¬ 
tions  (b)  and  (c)  may  not  be  very  well  justified  for  the  samples  used  here.  .  With 
regard  to  assumption  (b),  when  the  magnetically -induced  energy. gap  is  produced, 
the  Fermi  level  can  be  considered  to  lie  about  half-way  between  the  impurity  band 
and  the  bottom  of  the  conduction  band.  Therefore,  the  position  of  the  Fermi  level, 
Cp,  will  always  be  less  than  the  energy  gap,  Ae.  This  is  illustrated  in 
Figure  11.  Since  we  have  found  values  for  the  energy  gap  of  the  order  of  3  to 

_  A  ,  O 

4  x  10  eV,  ,  the  condition  that  ec  -  »  kT  is,  not  satisfied  at  4  K  and  becomes 

satisfied  only  for  temperatures  of  the  order  of  1°K  or  lower.  However,  at  these 


Conduction  Band 


Impurity  Band 
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Figure  11.  Approximate  position  of  Fermi  energy,  e^, 
with  respect  to  conduction  band  edge,  ec>  and  impurity  band. 
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temperatures,  impurity  band  conduction  becomes  important,  and  assumption  (c) 
can  no  longer  be  satisfied,  Impurity  band  conduction  manifests  itself  by  pausing 
the  cujwe  of  Hall  coefficient  versus  1/T  to  break  from  a  positive  slope  over  into 
a  negative  slope  as  the  temperature  is  lowered.-  This  may  be  seen  in  Figures  5 
and  8  at  temperatures  below  about  3°K. 

Thus,  if  appears  that  a  more  accurate  analysis  for  our  samples  must 
be  based  on  a  fr'yo-band  model  which  uses  Fermi  statistics  in  place  of  Maxwell t 
Boltzmann  statistics  and  also  includes  conduction  in  the  impurity  band.  Such  an 
analysis,  although  much  more  difficult  than  our  simple  approximation,  can  be 

Q 

carried  out,  as  has  been  shown  by  Sladek.  It  would  be  interesting  to  carry  this 
out  for  our  samples  but  this  must  await  future  work.  For  the  present,  we  must 
accept  the  results  of  the  simple  analysis,  recognizing,  of  course,  that  they  are 
just  approximate  values. 

Consider  now  the  mobility  measurements  at  liquid  helium  temperatures 
shown  in  Figures  7  and  10.  We  see  that  sample  D  shows  very  much  smaller 
mobility  values  than  does  sample  A,  as  well  as  having  a  different  temperature 
dependence.  Since  the  Hall  coefficient  data  indicated  that  both  samples  had  about 
the  same  total  impurity  content,  the  lower  mobility  for  D  cannot  be  attributed  to 
additional  impurity  scattering-  We  must  conclude  then,  that  D  has  some  other 
type  of  scattering  centers  which  cause  the  reduced  mobility.  This  could  be 
provided  by  defects  in  the  crystal  lattice  such  as  dislocations. 

The  temperature  dependence  of  mobility  found  for  A  is  similar  to  some 

1 5 

of  the  n-type  indium  antimonide  samples  measured  by  Putley  which  were 
successfully  interpreted  in  terms  of  ionized  impurity  scattering. 

2.  2  Photoconductive  Response 

The  photoconductive  response  of  three  different  samples  has  been 
measured.  The  first  sample  (A)  was  a  Hall  sample  8  mm  x  2  mm  x  1  mm  thick; 
whereas  the  other  two  samples  (B  and  C)  were  both  squares  5  mm  x  5  mm  x  3  mm 
thick.  After  cutting  the  detector  samples, (B).  was  rinsed  with  ionized  water 
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before  mounting,  while  the  sample  (Cl)  was  first  etched  in  a  mixture  of  hydrochloric 
and  nitric  acid  and  was  then  washed  with  demineralized  deionized  water  before 
being  mounted.  Later  on,  in  the  course  of  the  experiments,  the  detector  sample 
(Cl)  was  reprocessed  by  lapping,  and  the  sides  were  sandblasted  to  remove  the 
effect  of  the  etching;  the  sample  was  then  identified  as  C2. 

The  rf  rac(iation  sources  were  two  klystrons;  an  EMI  R5146  tube 
operating  at  8  mm  wavelength  (35  Gc)  and  a  Raytheon  QK369  tube  operating  at 
4  mm  (70  Gc).  To  obtain  radiation  at  the  2  mm  wavelengths,  an  F.  X,  R.  crystal 
harmonic  generator  was  used  which  had  a  conversion  loss  of  25  to  30  db.  A 
standard  gain  horn  was  employed  to  irradiate  the  detector  samples.  The  EMI 
tube  had  a  nominal  power  of  50  milliwatts  at  3  5  Gc,  and  the  Raytheon  tube  gave 
14  milliwatts  at  70  kMc.  This  equipment  is  shown  in  Figure  12. 

For  photoconductivity  measurements,  the  sample  is  connected  in  series 
with  a  battery  and  load  resistor  as  shown  in  Figure  13.  The  output  from  the 
detector  load  resistance  was  fed  into  a  Tectronics  Type  122  low-rlevel  preamplifier 
and  then  into  a  General  Radio  type  1554-A  sound  analyzer.  A  series  of  different 
load  resistances  were  tried,  and  finally  an  optimum  load  of  0.  1  Meg  Ohm  was 
chosen.  Instead  of  using  a  mechanical  chopper,  the  klystron  output  was  modulated 
with  a  1000  cycle/sec  square-wave  generator.  The  detectivity  D*  =  (S/N) Af /PA'*'^ 
was  calculated  for  the  samples  at  different  wavelengths  of  2  mm,  4  mm  and  8  mm. 

In  the  above  expression  for  D*,  S/N  is  the  signal-to-noise  ratio  of  the  amplifier, 

Af  is  the  bandwidth  of  the  amplifier,  P  is  the  power  density  of  radiation  and  A  is 
the  effective  area  of  the  detector.  In  all  the  measurements  which  were  performed, 
the  noise  figure  was  determined  by  the  amplifier  noise,  and  this  figure  remained 
constant  as  the  magnetic  field  or  the  bias  was  changed.  The  average  figure  for 
the  noise  was  about  0.  17  volts  for  Af  72  cps.  The  sample  was  cooled  as  is 
illustrated  in  the  drawing  of  Figure  14  to  the  temperature  of  liquid  helium  by 
thermal  conduction  thru  the  copper  mount  to  the  liquid  helium  reservoir.  Pumping 
over  the  liquid  helium  chamber  of  the  dewar  to  reduce  the  temperature  of  the 
sample  below  4.  2°K  when  the  sample  was  irradiated  with  4  mm  radiation  did  not 
increase  the  detectivity  appreciably.  Since  the  detectivity  for  samples  B  and  C2 
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were  quite  high  (in  the  order  10 ^  at  4  mm)  we  have  concluded  that  for  this  particu¬ 
lar  sample  at  these  wavelengths  it  is  not  really  necessary  to  operate  the  detector 
with  a  vacuum  pump  and  that  a  temperature  of  4.  2°K  may  be  adequate  for  most 
purposes,  However,  sample  A,  which  was  tested  in  another  dewar  for  Hall  effect 
at  temperatures  from  2.  6  degrees  K  to  4.  66°K  showed  the  signal  voltage  three 
times  as  large  at  the  lower  temperatures. 

A  curve  showing  the  change  in  resistance  of  the  samples  B  and  C2  with 
the  magnetic  field  is  shown  in  Figure  15.  Sample  C2  shows  a  rate  of  3.  356  ohm 
increase  per  gauss  while  B  has  a  0.  2  ohm  increase  per  gauss,  Despite  such  an 
increase  in  the  resistance,  both  samples  displayed  the  same  detectivity  at  4  milli¬ 
meters.  All  the  detectivity  curves  which  are  shown  in  Figures  16  through  20  were 
measured  on  samples  which  were  mounted  within  the  superconducting  solenoid. 
Figure  16  shows  the  signal-to-noise  ratio  of  the  B  detector  sample  at  8  mm  as  a 
function  of  the  bias  current  for  seven  different  magnetic  field  settings.  It  is 
noticed  that  at  low  bias  currents  the  magnetic  field  helps  to  increase  the  S/N 
ratio  while,  at  higher  bias  currents,  the  S/N  ratio  is  greater  without  field.  In 
general, the  application  of  the  magnetic  field  at  the  optimum  bias  decreased  the 
detectivity  by  about  20  percent.  The  detectivity  D*  (8  mm,  1000,  1),  as  measured 
from  the  data  shown  in  Figure  16  for  the  best  signal-to-noise  ratio,  was  about  1.  05  x 
1010  cm  cps^^/watt.  Figures  17  to  19  show  the  signal-to-noise  ratio  as  a 
function  of  bias  current  for  samples  B,  Cl  and  C2  at  4  mm  and  at  different  magnetic 
fields.  We  again  see  that  the  sensitivity  is  greatest  at  zero  magnetic  field  for  all 
the  samples.  For  the  etched  sample  Cl  shown  in  Figure  18  the  signal-to-noise 
ratio  is  an  order  of  magnitude  lower  than  sample  B.  The  sample  Cl  was  then 
taken  out,  lapped  and  sandblasted  at  the  sides  and  then  mounted  as  sample  C2. 

The  result  of  signal-to-noise  ratio  versus  bias  current  is  shown  in  Figure  19. 

We  see  that  without  magnetic  field  the  sensitivity  remains  constant  with  changes 
in  the  bias  current  but  as  soon  as  the  magnetic  field  is  applied  the  detectivity 
decreases  rapidly  with  both  an  increase  in  the  magnetic  field  and  the  bias  current. 

The  detectivity  D*  (4  mm,  1000,  1)  at  4  mm  for  the  nometched  sample  was  about 

ini0  1/2/  ** 

10  cm  cps  /watt. 
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CURE  19  SIGNAL  TO  NOISE  RATIO  OF  THE  InSb  SAMPLE  C2 
AS  A  FUNCTION  OF  BIAS  CURRENT  AT  4mm  INPUT 


FIGURE  20  SIGNAL  TO  NOISE  RATIO  OF  InSD  SAMPLE  B  AS  A  FUNCTION  OF  THE  BIAS  CURRENT  AT  2 


Almost  the  very  same  effects  are  observed  at  the  E  mm  wavelength. 

The  application  of  the  magnetic  field  reduces  the  signal  at  higher  bias  currents. 

The  few  sapaples  which  were  tried,  all  have  shown  a  definite  decrease  in  signal- 
to-noise  ratio  with  the  application  of  the  magnetic  field  except  when  relatively  high 
bias  currents  have  been  used,  Figure  EO,  The  detectivity  at  E  mm,  taking  the 
best  possible  conversion  ratio  for  the  harmonic  generator  and  assuming  no  losses 

11  l/E 

in  the  horn,  has  been  1.1x10  cm  cps  /watt. 

It  is  interesting  to  note  that,  at  the  higher  bias  currents  used,  the 
detectivity  of  these  samples  for  radiation  in  the  E  to  8  mm  range  decreases  when 
the  magnetic  field  is  applied,  This  is  in  contrast  with  the  behavior  reported  by 
Putley  where  the  detectivity  increases  with  application  of  the  magnetic  field. 
However,  we  hasten  to  point  out  that  Putley1  s  observations  were  made  for  radiation 
in  the  0.  1  to  1.  5  mm  range,  while  ours  is  for  radiation  in  the  E  to  8  mm  range. 

It  is  not  expected  that  our  samples  win  show  any  different  behavior  than  Putley' s 
when  being  used  to  detect  submillimeter  wave  radiation.  These  resplts  do 
emphasize,  however,  that  the  photoeffects  being  observed  are  quite  complex  and 
will  require  some  further  study. 

E.  3  The  Absorption  Coefficient 

<» 

In  order  to  evaluate  roughly  the  absorption  coefficient  of  the  n-type 
InSb  at  different  wavelengths,  a  4  mm  thick  slab  of  the  material  was  placed  inside 
the  dewar  in  front  of  the  detector  crystal.  This  piece  was  mounted  inside  the 
superconducting  solenoid  and  was  cooled  to  the  same  temperature  as  the  detector 
and  was  thus  subjected  to  the  same  conditions  of  the  detector  crystal.  The 
detector  was  then  subjected  to  electromagnetic  radiation  from  a  klystron.  The 
attenuation  due  to  the  presence  of  the  InSb  was  measured  at  different  magnetic 
fields.  The  attenuation  remained  constant  with  the  field  as  both  the  detector 
crystal  and  the  attenuator  piece  were  seeing  the  same  magnetic  field.  One  can 
write  for  the  attenuation  factor, 

-j-’  =  (1-R)  exp  (-ax), 
o 

where  x  is  the  thickness  of  the  attenuator  piece,  a  is  the  attenuation  constant, 
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R  is  the  reflectivity,  and  ~  is  the  attenuation  factor,  or  in  other  words  is  the  ratio 
of  the  intensity  of  the  electromagnetic  radiation  at  the  entrance  face  to  that  at  the  exit  face  of 
the  attenuator. 

Solving  for  a,  we  have 

,  1  1 

a  x  l0ge  -M1'11)-  <cm  > 

In  the  determination  of  the  coefficient  of  reflection,  there  is  an 
impedance  matching  problem  and  one  has  to  calculate  the  reflectivity  R  for  every 
wavelength  separately.  At  microwave  frequencies,  the  thickness  of  the  attenuating 
piece  is  of  the  same  order  of  magnitude  as  the  wavelength,  and  if,  for  example, 
the  attenuating  piece  is  a  quarter  of  a  wavelength  thick,  no  energy  would  be 
reflected. 


For  a  piece  of  material  i.  cm  thick,  the  coefficient  of  reflection  is 


P  = 


T)  -  Z 
'o  L 

p  +  Z 
o  L 


is  the  impedance  for  the  free  space.  Here,  p  is  the  permittivity 


where  p  = 
o 

and  eQ  is  the  dielectric  constant.  ZL  is  the  impedance  of  the  attenuating  piece  and 
is  equal  to 

2  _  n  cos  kl  +  i  sin  kl 

L  ^2  cos-  k£  +  i  n  sin  k£ 


where  p^  = 


-  ;  is  the  permittivity  of  the  attenuator,  is  its  dielectric 

constant,  n  is  tlie  coefficient  of  refraction,  and  k  is  the  propagation  constant  in 
the  attenuator. 


and 


k  = 


n  = 


2ir 


2im 


atten.  free  space 


n 
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At  8  mm  we  have  found  p  =  0  for  f  =  0.  1  cm,  at  4  mm  p  has  been  equal  to  0,  23  ^  -65.  4 

o 

for  l  =  0.  4  cm  and  at  2  mm,  p  has  been  equal  to  0.  419^  30;  7  for  I  =  0.  4  cm. 

With  these  values  we  have  found  for  a  the  attenuation  factor  as  a  function  of  the 
wavelength, 


R  =  |  p  |2 


Wavelength 

Temperature 

Reflection  Coefficient 

a  (cm  ) 

8  mm 

4.2° 

0 

2.  23 

4  mm 

4.  2° 

0.  056 

9.  83* 

2  mm 

4.2° 

0.176 

2.  25 

Table  III. The  absorption  coefficient  a  for  different  wavelengths  as  found  experimentally. 
*  (The  figure  a,t  4  mm  wavelength  appears  unusually  high.  ) 
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3.0  THE  SAMPLE  DETECTOR 


3.  1  Package  Requirements 

The  physical  container  or  package  in  which  the  detecting  element  must 
be  housed  is  of  considerable  importance  in  this  program  since  it  must  be 
compatible  with  the  operating  requirements  of  the  detecting  element.  The 
operating  environment  necessary  for  the  detecting  element  to  achieve  maximum 
detectivity  is  discussed  earlier  in  this  report,  and  a  few  of  the  more  important 
items  thaf  affect  the  package  design  are  discussed  below. 

One  consideration  that  is  of  prime  importance  in  designing  the  package 
is  the  end  use  consideration.  In  this  program,  Hall  effect  measurements  had  to 
be  made  to  determine  the  relation  between  magnetic  field  and  available  energy 
levels  in  the  different  materials.  It  was  desirable  to  jnake  these  measurements 
and  evaluate  most  of  this  data  before  photoconductivity  measurements  were 
initiated.  This  consideration  led  to  the  conclusion  that  at  least  two  packages 
were  necessary  so  that  Hall  effect  measurements  could  commence  early  in  the 
program  while  plans  were  being  formulated  for  the  dewar  for  photoconductivity 
measurements.  Another  advantage  of  having  the  two  dewars  is  that  both  types  of 
measurements  could  be  run  simultaneously,  if  desired. 

An  important  factor  affecting  the  package  configuration  is  the  tempera¬ 
ture  at  which  the  detecting  material  must  be  operated.  Section  1.  0  discusses  this 
temperature  requirement  in  detail  and  leads  to  the  conclusion  that  the  sample 
must  be  operated  in  the  liquid  helium  temperature  range.  According  to  the 
present  state  of  the  art  in  cryogenics,  liquid  helium  is  best  transported  and  stored 
in  a  nitrogen-shielded  dewar  configuration  with  high  vacuum  insulation.  With  this 
information  in  mind,  two  dewar  packages  have  been  made  available  -  one  a 
modification  of  an  existing  Raytheon -owned  dewar  for  Hall  measurements  and  a 
new  dewar  for  photoconductivity  measurements.  Detector  temperatures  below 
the  normal  boiling  point  of  liquid  helium  (4.  2°K)  can  be  attained  by  pumping  over 
liquid  helium, and  provisions  to  operate  the  package  at  very  low  temperatures  by 
this  method  have  been  included  in  the  design.  A  plot  of  helium  boiling  point 
versus  vapor  pressure  for  He^  is  shown  in  Figure  21. 
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Another  factor  of  importance  that  affects  the  package  design  is  the 
necessity  of  providing  a  magnetic  field.  Variable  field  strengths  ape  necessary 
for  the  Hall  effect  measurements  and,  based  on  Putley's  prior  work,  ^  the 
application  of  a  magnetic  field  algo  seemed  necessary  for  maximum  photoconductive 
response.  For  Hall  measurements, magnetic  field  strengths  up  to  10,  000  gauss 
are  available  from  a  4"  diameter  magnet  system  which  is  installed  in  our  labora¬ 
tory.  Due  to  its  availability  and  flexibility,  it  was  decided  to  adapt  a  package  for 
Hall  effect  measurements  with  a  "cold  finger"  and  use  it  in  conjunction  with  this 
magnet  system.  The  photoconductivity  measurements  were  done  in  a  dewar  with 
an  integral  superconducting  solenoid,and  the  reasons  for  this  combination  are 
given  later  in  this  report. 

Some  of  the  other  factors  entering  into  the  package  design  considerations 
are  reduction  of  microphonics,  provision  for  windows  to  allow  the  radiation  to 
enter,  optical  filters,  lead  wires  from  the  sample  through  the  package  wall,  and, 
finally,  the  helium  hold  time  of  the  completed  unit. 

Package  for  Hall  Effect  Measurements 

As  previously  stated,  since  a  variable  field  magnet  system  was  imme¬ 
diately  available  in  our  laboratory,  we  decided  to  make  use  of  this  system  for  the 
Hall  effect  measurements  part  of  this  program.  A  dewar  that  would  be  compatible 
with  this  magnet  system  was  necessary, and, since  liquid  helium  dewar  packages 
are  currently  being  made  in  our  department  for  use  with  our  long  wavelength 
detector  line,  it  was  convenient  to  modify  one  of  these  packages  with  a  "cold  finger" 
and  use  this  between  the  pole  pieces  of  the  magnet  system.  An  outline  drawing 
of  this  package  is  shown  in  Figure  22  and  photographs  of  the  finished  dewar  ready 
for  use  are  shown  in  Figures  3  and  23.  During  a  test  of  this  dewar  to  determine 
the  extent  of  which  the  temperature  of  the  semiconductor  sample  could  be  lowered, 
we  observed  that  temperatures  as  low  as  1.  3°K  could  be  maintained  by  pumping 
over  the  liquid  helium. 
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HALL  EFFECT  DEWAR  FOR 

FIGURE  22  MILLIMETER  WAVE  DETECTOR  PROGRAM 
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Figure  23..  MAGNET  AND  ASSOCIATED  EQUIPMENT 
FOR  HALL  EFFECT  MEASUREMENTS 


j: 
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23..  MAGNET  AND  ASSOCIATED  EQUIPMENT 
FOR  HALL  EFFECT  MEASUREMENTS 
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Some  photoconductivity  measurements  were  also  made  using  this  dewar. 
This  was  accomplished  by  fitting  the  outer  vacuum  wall  of  the  "cold  finger"  with 
a  window  and  mounting  the  sample  on  the  inner  "cold  finger"  in  such  a  manner 
that  the  radiation  could  enter  to  the  sample  through  the  window.  A  filter  was 
mounted  oyer  the  sample  so  that  room  temperature  background  radiation  impinging 
upon  the  sample  would  be  reduced. 

Superconducting  Solenoid 

Generation  of  high  magnetic  field  strengths  by  the  use  of  superconducting 
solenoids  is  a  development  of  the  last  few  years.  The  breakthrough  really  came 
about  when  it  was  discovered  that  some  alloys  and  compounds  w'ould  remain  super¬ 
conductive  at  much  higher  field  strengths  and  while  carrying  higher  current  den¬ 
sities  than  the  elemental  superconductors  such  as  mercury,  niobium  and  lead. 

The  development  of  these  materials  is  well  covered  in  the  literature  so  that  only 
the  application  of  these  new  superconducting  materials  to  this  program  will  be 
discussed  hare. 

The  considerations  which  prove  the  applicability  of  a  superconducting 
solenoid  to  this  program  can  best  be  shown  by  a  short  comparison  of  conventional 
and  superconducting  magnet  systems. 

It  has  been  shown  that  superconducting  solenoids  can  be  operated  with 
little  or  no  power  input  in  comparison  to  the  large  amounts  of  power  that  must  be 
dissipated  to  operate  a  conventional  magnet  system.  ^  However,  the  cost  of 
refrigerating  a  solenoid  to  the  required  liquid  helium  temperature  level  and  keeping 
it  there  negates  some  of  the  advantage  gained  by  its  low  operating  power  require¬ 
ment.  The  ideal  situation  for  application  of  a  superconducting  solenoid  is  where 
low  temperatures  are  already  required  for  other  reasons.  Such  is  the  case  in 
our  application  where  the  detector  element  must  be  operated  while  being  cooled 
to  the  liquid  helium  temperature  range.  The  extra  mass  that  must  initially  be 
cooled  depends,  of  course,  on  the  volume  of  the  solenoid,  but  has,  in  this  pro¬ 
gram,  required  an  almost  negligible  increase  in  the  amount  of  helium  required  to 
cool  and  fill  the  dewar  itself.  After  filling,  there  is  a  slightly  larger  helium 
boiloff  rate  when  the  solenoid  is  installed  due  to  the  heat  leak  of  the  lead  wire  to 
the  solenoid. 
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Of  the  newer  superconducting  alloys,  some  have  inherent  properties  or 

have  been  developed  further  making  them  more  desirable  as  solenoid  windings 

than  others.  Many  of  the  superconducting  alloys  are  extremely  brittle  and  do  not 

lend  themselves  readily  to  use  as  solenoid  windings.  Niobiupa-zirconium,  while 

not  having  the  best  superconducting  properties  of  the  alloys  studied,  does  have  a 

good  combination  of  s.  c.  properties  and  mechanical  workability  which, at  present, 

makes  it  the  most  promising  alloy  system  to  be  considered  for  solenoid  windings. 

Solenoids  with  field  strengths  of  up  to  68,  000  gauss  have  been  constructed  using 

17 

windings  made  from  this  alloy  system.  The  particular  alloy  of  this  system 
chosen  for  our  application  was  a  75%  piobium  -  25%  zirconium  alloy  which  has  a 
good  combination  of  mechanical  workability  and  high  critical  field  while  carrying 
an  appreciable  amount  of  current. 

The  insulation  of  the  superconducting  wire  is  accomplished  by  coating 
the  wire  with  an  eppxy  coating  which  has  been  proven  to  be  reliable  at  cryogenic 
temperatures.  The  wire  was  supplied  to  us  by  Westinghouse  and  was  coated  by 
them  also.  It  is  interesting  to  note  that  superconducting  wire  may  also  be 
insulated  by  covering  it  with  a  coating  of  a  metal  such  as  copper  or  nickel, since . 
even  these  metals  are  insulators  when  compared  to  the  superconductors. 

Solenoid  Design 

The  first  item  to  be  decided  when  designing  the  solenoid  itself  is  the 
maximum  field  strength  desired  at  the  center  of  the  bore  of  the  solenoid.  In  our 
case,  it  was  felt  that  a  central  field  of  10,  000  gauss  would  be  sufficient  and  that 
the  field  uniformity  should  be  5%  within  a  1/4  inch  diameter  sphere  at  the  center 
of  the  field.  Due  to  space  requirements  of  the  detector  adapter,  it  was  felt  that 
the  diameter  of  the  bore  of  the  windings  should  be  3/4  inch.  Power  supply 
considerations  and  size  of  the  lead  wires  required,  coupled  with  critical  field 
versus  critical  current  tests  on  the  superconducting  wire, indicated  that  this 
field  should  be  attained  at  no  more  that  14  amperes  current. 
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The  maximum  diameter  and  length  of  the  solenoid  are  related  to  the  above 
specifications  by  the  following  equation 


where  G  Jy~~  Geometric  factors  depending  on  dimensions  of  the  solenoid  ■ 

I  =  Current  per  turn  ip  amperes 
-  Jnside  radius  of  windings 

A  =  Cross  sectional  area  allowed  for  one  conductor  wire. 

Since  all  the  other  values  are  known,  this  equation  can  be  solved  for  Ofy^  After 
this  value  is  calculated,  the  geometric  ratio  of  solenoid  length  to  outside  diameter 
is  manipulated  until  the  field  uniformity  is  within  the  desired  range  and  the 
necessary  value  of  GJ~y  is  obtained.  The  calculated  field  uniformity  and  relative 
size  factors  which  were  arrived  at  for  thig  application  are  shown  in  Figure  24. 

The  superconducting  solenoid  supplied  on  this  program  was  wound  with 
.  010  in.  dia.  niobium-zirconium  wire  supplied  by  Westinghouse.  The  epoxy 
insulation  makes  the  diameter  of  the  coated  wire  .  Oil  inland  2242  turns  have 
been  wound  to  make  this  solenoid.  The  room  temperature  resistance  of  the  coil 
is  1595  ohms.  Other  information  pertinent  to  operating  the  solenoid  is  included 
in  the  operating  instructions. 

Although  the  only  power  necessary  to  operate  a  semiconductor  solenoid 
from  a  power  supply  is  that  necessary  to  overcome  the  resistance  of  the  lead 
wires,  the  main  advantage  of  a  superconducting  solenoid  is  attained  when  the 
solenoid  can  be  operated  without  the  power  supply  connected.  This  operating 
condition  is  known  as  persistent  operation  and  is  accomplished  by  completing  the 
circuit  with  a  superconducting  shunt.  Figure  25  shows  one  arrangement  by  which 
persistent  operation  may  be  attained.  The  shunt  is  kept  in  the  superconducting 
state  during  persistent  operation  by  cooling  it  sufficiently,  but, for  conditions  when 
it  is  desired  to  change  the  field,  there  must  be  a  provision  to  allow  the  shunt  to  be 
made  "normal"  o.r  resistive.  This  can  be  accomplished  magnetically  or  thermally 
by  exceeding  either  the  critical  field  or  the  critical  temperature  of  the  wire.  The 
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WINDING  DIMENSIONS 


3/4  I.D.  •"  2a, 

7/8  LONG  -  2b 
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flELO  OISTRIBUTION  AT  Ho2  -  10  KILOGAUSS 
SAMPLE  SIZE  5mm  WIDE  X  3mm  THICK 


FIGURE  2M  SOLENOID  DIMENSIONS  AND  FIELD  DISTRIBUTION 
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shunt  was  quenched  thermally  in  our  application, and  this  was  done  by  winding 
some  heater  wire  around  a  short  section  of  the  shunting  wire  as  shown  in  the 
figure,  The  procedure  for  operating  the  solenoid  is  to  first  apply  enough  current 
to  the  main  solenoid  windings  to  obtain  the  desired  field  strength.  The  shunt  is 
then  made  normal  by  applying  a  voltage  to  the  heater  wire.  After  several  seconds, 
the  heater  voltage  may  be  shut  off  and, after  giving  the  shunt  enough  time  to  be 
superconductive  again,  the  power  supply  may  then  be  disconnected  and  removed. 

The  power  supply  requirements  for  operating  the  superconducting 
solenoid  are  a  direct  current  supply  for  the  main  solenoid  current  and  either  an 
ac  or  dc  heater  supply  for  operating  the  shunt.  The  dc  supply  should  be  capable 
of  providing  low  ripple  current  up  to  15  amperes  and  should  be  adjustable.  For 
our  testing  we  used  an  automobile -type  six  volt  storage  battery  with  a  rheostat  as 
shown  in  Figure  26,  The  shunt  heater  was  controlled  by  a  Variac  run  from  a  110 
volt  ac  line.  More  sophisticated  rectifier  type  power  supplies  could,  of  course, 
be  used,  but  we  found  that  by  recharging  the  storage  cell  over  night  we  could  run 
as  many  tests  as  desired  without  discharging  the  cell  excessively. 

Dewar -Solenoid  Package  for  Photoconductivity  Measurements 

As  originally  proposed,  the  finished  detector  package  to  be  delivered 
at  the  end  of  the  program  was  designed  with  a  superconducting  solenoid  built  into 
the  dewar  package.  As  proposed'  the  configuration  of  the  dewar  was  such  that  this 
solenoid  was  to  be  conduction  cooled  as  shown  in  Figure  27.  The  ma-in  advantage 
of  conduction  cooling  the  solenoid  is  that  the  solenoid  is  then  in  the  vacuum  space 
and  is  not  subject  to  moisture  damage  or  high  thermal  shock,  a  type  of  damage 
which  is  possible  when  the  solenoid  is  immersed  in  the  liquid  helium.  After  con¬ 
struction  of  the  dewar,  the  solenoid  spindle  was  attached  and  the  spindle  tempera¬ 
ture  at  the  extreme  lower  end  was  measured  while  pumping  over  the  liquid  helium. 
The  results  of  these  tests  showed  that  the  temperature  differential  from  the 
boiling  helium  to  the  far  end  of  the  spindle  was  only..  2  -  .  4°K,and  temperatures 
as  low  as  1.  5°K  were  measured  on  this  end  of  the  spindle.  However,  after  the 
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FIGURE  27  HELIUM  DEWAR  MODIFICATION  FOR  PHOTOCONDUCTIVE 

MILLIMETER  WAVE  DETECTOR 


solenoid  was  wound  and  attached  to  the  dewar  and  operation  was  attempted,  it  was 
found  that  the  solenoid  would  become  normal  at  very  low  field  strengths.  The 
problem  was  eventually  traced  to  Joule  heating  of  the  lead  wires  when  the  current 
is  applied.  This  heating  causes  the  windings  to  go  normal  progressively  from  the 
junctions  where  the  lead  wires  are  connected  to  the  superconducting  wires. 
Attempts  to  cool  the  junctions  by  conduction  improved  the  situation  somewhat, and 
a  field  strength  of  5000  gauss  has  been  generated  with  this  configuration.  This  is 
only  1/2  qf  the  design  field  of  the  solenoid, and, since  it  was  known  that  the  solenoid 
would  operate  at  the  design  field  strength  while  submerged  in  liquid  helium,  we 
decided  to  follow  this  other  approach  while  there  was  still  time  in  the  program. 

Another  alternate  solution  was  weighed,and  that  was  to  conduction  cool 
the  solenoid  itself  and  bring  the  lead  wires  through  the  bottom  of  the  helium 
chamber  so  that  the  troublesome  junctions  would  be  immersed  in  the  liquid  helium. 
This  would  require  that  a  vacuum  tight  insulator  assembly  be  built  into  the  helium 
chamber  bottomland, since  insulator  assemblies  of  this  type  are  not  reliable  under 
conditions  of  thermal  shock  such  as  would  occur  when  the  dewar  was  filled  with 
liquid  helium,  it  was  decided  not  to  work  on  this  solution. 

A  dewar  package  in  which  the  superconducting  solenoid  could  be  sub¬ 
merged  in  liquid  helium  was  then  designed  and  constructed, and  an  outline  drawing 
of  this  dewar  is  shown  in  Figure  28.  The  detector  material  is  mounted  in  vacuum 
at  the  center  of  the  field  of  the  solenoid  on  an  adapter  which  is  removable  from  the 
dewar.  The  construction  of  this  end  of  the  package  was  shown  more  clearly  in 
Figure  14.  Tests  on  the  solenoid  while  run  in  this  package  show  that  the  solenoid 
will  generate  fields  at  least  10%  over  the  design  field  strength  of  10,  000  gauss. 
Test  results  of  the  unit  as  a  millimeter  wave  detector  are  reported  elsewhere  in 
this  report. 

With  this  configuration,the  solenoid  may  be  removed  without  disturbing 
the  insulating  vacuum  of  the  dewar. 
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FIGURE  28  HALF  SIZE  OUTLINE  DRAWING  OF 
PHOTOELECTRIC  MILLIMETER  WAVE 
DETECTOR 


A  problem  was  encountered  while  attempting  to  run  the  solenoid 
persistent  at  the  design  fields.  With  the  shunt  connected,  the  field  strength 
could  not  be  increased  to  the  design  field  without  going  normal.  This  problem 
was  traced  to  the  making  of  superconducting  joints  in  the  shunt  connections. 

These  junctions  must  remain  superconductive  while  carrying  the  desired  operating 
current.  There  are  several  methods  of  making  these  junctions  -  soldering, 
welding,  and  the  use  of  compression  joints,  Of  these  methods,  compression 
joints,  where  the  wires  are  merely  squeezed  together,  appears  to  be  the  most 
promising  method  and  a  modification  of  this  technique  yielded  a  joint  which  would 
allow  the  solenoid  to  operate  persistently  at  the  design  field.  However,  some 
residual  resistance  is  still  presept  in  the  joints, and, when  operated  persistently, 
there  is  some  field  strength  decay  with  time. 

The  procedure  for  persistent  operation  is  to  increase  the  amperage  to 
the  desired  field  level.  In  the  case  of  the  solenoid  supplied  on  this  contract, the 
ratio  is  750  gapss  per  ampere.  When  the  desired  field  is  attained,  the  persistent 
switch  should  be  supplied  with  17  volts  ac  and  then  shut  off.  The  power  supply 
may  now  be  disconnected  and  the  solenoid  will  operate  persistently.  To  operate 
continuously  at  a  particular  field  strength,the  persistent  shunt  must  be  dis¬ 
connected  and  the  solenoid  is  then  operated  similar  to  any  other  solenoid.  No:, 
more  than  15  amperes  should  be  applied  to  the  coil  to  avoid  burning  out  the  lead 
wires. 


3.  2  Operating  Instructions 

3,  2,  1  Evacuating  the  Dewar 

The  dewar  may  be  evacuated  when  desired, by  using  the  removable 
valve  handle  supplied  with  the  dewar, in  the  following  manner.  The  valve  handle 
is  first  threaded  into  the  evacuation  port  on  the  window  end  of  the  dewar  and 
then  connected  to  a  high  vacuum  system  (a  liquid  nitrogen  trapped  diffusion  pump 
or  an  ionic  pump).  After  the  vacuum  line  is  pumped  out,  the  dewar  valve  may  be 
opened  by  simultaneously  pushing  in  and  turning  the  handle  of  the  vacuum  valve 
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until  it  engages  with  the  valve  seat,  The  valve  is  fully  opened  by  turning  the  handle 
counterclockwise  until  it  stops  (about  2  turns),  The  handle  should  then  be  pulled  | 

out  about  1/2"  to  reduce  the  flow  friction  in  the  valve  handle.  Heat  may  be  i 

applied  to  the  dewar  to  aid  out  gas  sing  during  evacuation, but  the  dewar  temperature 
should  not  exceed  100°C. 

-  5 

After  the  dewar  is  evacuated  to  the  desired  level  (10  mm  Hg  or  better), 
the  valve  may  be  closed  by  pushing  in  the  handle  until  it  engages  the  seat  and  then 
turning  the  handle  clockwise  until  the  valve  seats,  (When  seating  the  valve,  do  not 
apply  a  torque  of  over  ten  inch -pounds  or  the  sealing  washer  will  be  damaged.  ) 

The  valve  is  then  removed  by  pulling  the  valve  handle  out  about  1/2"  and  disconnecting  j 
the  vacuum  line.  The  handle  may  then  be  removed  by  unscrewing  it  from  the  j 

evacuation  port  of  the  dewar.  j 

Cooling  Procedure  j 

I 

If  not  familiar  with  the  handling  of  liquified  gases,  it  is  recommended  j 

to  read  the  handling  precautions  printed  and  distributed  by  the  gas  manufacturers  j 

before  attempting  to  operate  the  detector.  The  dewar  is  cooled  by  first  filling  the  ; 

nitrogen  compartment  with  liquid  nitrogen.  This  is  easily  accomplished  by  j 

removing  the  caps  from  all  of  the  nitrogen  fill  tubes  (see  Figure  290  and  by  using 
a  small  polyethylene  funnel  in  one  of  the  tubes  for  filling  and  using  the  other  two 
tubes  for  vents.  (Note:  If  the  outer  shell  of  the  dewar  should  become  frosted 
below  the  upper  weld  joint,  the  insulating  vacuum  is  poor  and  the  dewar  should  be 
warmed  up  and  repumped.  )  The  dewar  should  be  in  the  position  shown  in  the 
figure  during  filling.  1 

After  the  nitrogen  compartment  is  filled,  the  inner  helium  compart¬ 
ment  may  be  filled.  To  conserve  expensive  helium, it  is  desirable  to  precool  the 
helium  chamber  to  liquid  nitrogen  temperature.  This  can  be  accomplished 
either  by  allowing  the  dewar  to  stand  until  the  inner 'compartment  comes  to 
equilibrium  temperature  with  the  surrounding  cold  nitrogen  compartment, which 
takes  approximately  one -half  hour>or  by  pouring  some  nitrogen  in  the  helium 
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Figure  29.. 
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com.partn.ient.  If  the  latter  precooling  method  is  used,  care  must  be  taken  to 
pour  out  all  the  nitrogen  before  helium  is  added  or  else  the  helium  will  freeze 
the  nitrogen  and  possibly  cause  blockage  in  the  neck  of  the  dewar  which  could 
cause  thq  dewar  to  rupture. 

Helium  must  be  transferred  to  the  dewar  through  a  vacuum  insulated 
transfer  tube, and  the  end  that  goes  into  the  detector  dewar  must  not  be  larger 
than  3/8"  diameter  to  allow  for  room  for  the  gas  to  escape.  Experience  with  the 
transfer  equipment  is  necessary  to  determine  visually  when  the  dewar  is  filled 
with  helium, but  one  way  to  be  sure  is  to  weigh  the  dewar  before  and  after  transfer. 
It  should  be  possible  to  fill  the  dewar  with  3  50  -  400  cc  of  helium  and  this 
corresponds  to  an  increase  in  dewar  weight  of  40  -  50  gms. 

After  filling,  the  pressure  relief  caps  should  be  replaced  on  the  fill 
tubes  so  that  the  gas  evaporating  from  the  liquid  will  be  safely  exhausted  to  the 
atmosphere  and  also  so  that  no  water  vapor  from  the  air  will  migrate  down  the 
fill  tube  aqd  freeze  out  on  the  walls, since,  again,  this  could  cause  blockage  and 
dewar  rupture.  During  operation,  the  dewar  should  not  be  tilted  at  an  angle  of 
over  45  degrees  from  that  shown  in  Figure  29  or  excessive  liquid  boiloff  will  be 
experienced. 

If  it  is  desired  to  lower  the  detector  temperature  by  pumping  over  the 
liquid  helium,  a  pressure  regulating  device  such  as  a  manostat  should  be  installed 
between  the  vacuum  pump  and  the  dewar.  A  pressure  relief  valve  should  be 
installed  in  the  line  close  to  the  dewar  to  avoid  pressure  increase  in  case  the 
pump  should  unintentionally  be  shut  off. 

Operating  the  Solenoid 

After  the  dewar  is  properly  evacuated  and  cooled  with  helium, the 
solenoid  may  be  operated.  If  there  is  liquid  helium  in  the  helium  chamber,  it 
can  safely  be  assumed  that  the  solenoid  is  in  the  superconducting  state, but,  in 
order  to  check  this,  the  solenoid  resistance  may  be  measured  across  pins  D  and 
E  on  the  dewar  neck.  The  measured  resistance  will  be  below  .  2  ohm  if  the 
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solenoid  is  superconducting.  (This  resistance  is  actually  the  resistance  of  the 
lead  wires  from  the  pins  to  the  solenoid.  )  The  room  temperature  resistance  of 
the  solenoid  is  1595  ohmsvand,at  nitrogen  temperature, the  resistance  drops  to 
approximately  1000  ohms, 

When  superconducting,  the  solenoid  can  be  energized  from  a  power 
supply  such  as  is  shown  in  Figure  26.  If  desired,  a  low  ripple  dc  power  supply 
can  be  used  in  place  of  the  battery-rheostat  combination, but  the  supply  should  not 
be  of  the  constant  current  type  to  avoid  burning  out  the  solenoid  if  it  goes  normal. 

As  delivered,  the  solenoid  is  wired  for  persistent  operation, and  the 
solenoid  wiring  schematic  of  the  dewar  is  shown  in  Figure  25.  The  field  is 
established  in  the  solenoid  by  supplying  current  to  pins  D  and  E  on  the  dewar 
neck  at  the  pate  of  one  ampere  for  every  7  50  gauss,  and,when  the  current 
corresponding  to  the  desired  field  is  applied,  the  superconducting  shunt  is  made 
normal  by  supplying  pins  A  and  B  with  17  volts  ac  either  from  a  Variac  or  from 
a  stepdown  transformer.  This  causes  the  current  to  flow  through  the  solenoid 
instead  of  the  shunt  and  the  field  is  then  established.  When  the  battery  solenoid 
supply  is  used,  a  slight  dip  in  current  can  be  observed  on  the  meter  when  the 
field  is  established  in  the  solenoid.  After  this  current  dip  is  observed,  the 
voltage  to  the  superconducting  shunt  may  be  shut  off  and  then  the  solenoid  power 
supply  can  be  shut  off  and  removed. 

To  shut  off  the  field,  the  shunt  is  made  normal  and  the  field  imme¬ 
diately  collapses. 

If  the  current  is  increased  too  fast  or  if  the  liquid  helium  level  is  lpw, 
the  solenoid  may  go  normal  and  the  solenoid  current  will  not  increase  with 
voltage.  It  has  been  our  experience  that  when  operated  from  a  constant  voltage 
power  supply, such  as  a  battery,  it  does  the  solenoid  no  harm  to  go  normal,  but 
the  solenoid  cuprent  should  be  then  shut  off  to  allow  the  solenoid  to  return  to  the 
superconductive  state. 
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The  solenoid  may  be  operated  from  a  power  supply  without  the  per¬ 
sistent  arrangement  by  disconnecting  the  superconducting  shunt.  This  requires 
that  the  solenoid  be  removed  from  the  dewar  and  disconnected.  Since  special 
tools  are  required  to  remove  the  solenoid,  the  detector  should  be  returned  to 
Raytheon  for  this  modification. 

Operating  the  Detector 

Complete  information  on  optimum  magnetic  field  and  optimum  biasing 
current  versus  detectivity  of  this  detector  are  given  elsewhere  in  the  report  and 
before  operating  the  detector  it  would  be  advantageous  to  refer  to  Section  2  for 
detailed  information.  In  general,  the  optimum  biasing  current  was  in  the  80-100  pA 
range,  and  this  was  applied  as  shown  in  Figure  13,  which  also  shows  the  schematic 
of  the  other  test  equipment.  The  optimum  load  resistor  was  found  to  be  100  K  ohm. 

The  millimeter  radiation  incident  on  the  detector  should  be  chopped 
at  a  frequency  which  can  be  tuned  to  easily  by  the  preamplifier.  The  output  from 
the  preamplifier  can  then  be  read  out  on  a  tuned  voltmeter  such  as  a  General 
Radio  Model  1554A  Sound  and  Vibration  Analyzer. 

Window  Adapter  Removal 

The  window  assembly  is  sealed  to  the  rest  of  the  dewar  by  using  an 
"O"  ring  and  four  screws.  This  window  assembly  may  be  removed  to  change 
the  window  material  or  to  work  on  the  detector.  The  procedure  starts  with 
"breaking"  the  vacuum  in  the  dewar.  This  is  accomplished  by  opening  the 
evacuation  valve  and  allowing  the  dewar  tq  fill  with  dry  air  or  a  dry  gas  such  as 
nitrogen.  The  window  adapter  may  then  be  removed  by  removing  the  four  screws 
from  the  face  of  the  window  assembly  and  then  removing  it.  The  window  may  be 
replaced  by  reversing  the  procedure  outlined  above. 

Note:  Since  water  vapor  is  difficult  to  remove  from  the  vacuum  space, 
the  window  assembly  should  not  be  removed  while  the  dewar  is  cold. 
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